The objective of this investigation was to determine associations among rumen endotoxin, plasma serum amyloid A (SAA), and C-reactive protein (CRP) with plasma Ca, Fe, Zn, and Cu in lactating cows challenged with graded amounts of rolled barley grain in the diet (i.e., 0, 15, 30, and 45% of DMI). Correlative relationships among variables were determined by linear and nonlinear regression procedures adjusted for the effects of day, animal, and experimental period. Increasing the amount of grain in the diet was successful in inducing an acute phase response, as assessed by augmentation of rumen endotoxin and plasma CRP and SAA (P < 0.01). The correlative analysis revealed inverse, nonlinear relationships of rumen endotoxin and plasma SAA with circulating Ca. Interestingly, plasma Ca reached the asymptotic plateau at 10.6 mg/dL. The increase in rumen endotoxin was associated with an abrupt decrease in plasma Fe (R 2 = 0.91; P < 0.001). A similar relationship, although at a reduced estimation accuracy (R 2 = 0.21; P < 0.01), was observed between rumen endotoxin and plasma Zn. Augmentation of rumen endotoxin and plasma CRP resulted in a positive, biphasic response of plasma Cu. In conclusion, the increase in rumen endotoxin in response to high-grain diets, and the resulting increases in plasma SAA and CRP, were strongly correlated with fluctuations of plasma minerals. Results suggest that new feeding strategies should be developed to curb the release of endotoxin in the rumen fluid to prevent perturbing minerals in the plasma.
INTRODUCTION
The transition from pregnancy to lactation is characterized by major changes in mineral metabolism, including depression of plasma concentrations of Ca, Zn, and Fe, and increased plasma Cu (Goff and Stabel, 1990; Scaletti et al., 2003) . Although mineral perturbations are well documented, their physiological significance and the underlying mechanisms are poorly understood. Interestingly, research conducted in humans (Doherty et al., 2002; Bo et al., 2008) and other animal species (Etzel et al., 1982; Rofe et al., 1996) revealed decreased plasma concentrations of Ca, Fe, and Zn and increased plasma Cu during inflammatory responses or conditions requiring activation of an acute phase response (APR).
Mounting evidence indicates that feeding dairy cows high-grain diets is associated with the release of large amounts of endotoxin in the rumen fluid (Emmanuel et al., 2008) . Recent investigations conducted by our team and others also demonstrate that endotoxin translocates through rumen and colon tissues into systemic circulation (Emmanuel et al., 2007; Khafipour et al., 2009) , resulting in enhanced secretion of acute phase proteins (APP) such as C-reactive protein (CRP) and serum amyloid A (SAA) from hepatocytes (Emmanuel et al., 2008) .
Although much attention has been directed at studying the effects of high-grain diets on APR, there is a lack of information on the effects of endotoxin released in the rumen fluid on plasma mineral responses when feeding diets rich in starch. Because feeding rapidly digestible carbohydrates increases rumen endotoxin and initiates a nonspecific APR, we hypothesized that these types of diets might be involved in fluctuations of plasma minerals in lactating cows. Therefore, the main objective of the present study was to investigate associations of free endotoxin in rumen fluid and selected plasma APP in lactating cows with plasma Ca, Fe, Zn, and Cu in dairy cows fed graded amounts of dietary concentrate.
MATERIALS AND METHODS
All experimental procedures were approved by the University of Alberta Animal Care and Use Committee for Livestock, and animals were cared for in accordance with the guidelines of the Canadian Council on Animal Care (1993).
Animals and Diets
This investigation was performed as part of a major study designed to investigate immune and metabolic events associated with metabolic diseases of dairy cows fed graded amounts of barley grain at the Dairy Research and Technology Centre, University of Alberta. Because all variables related to rumen endotoxin and plasma APP have been reported previously (Emmanuel et al., 2008) , this article is focused on the effects of diet on plasma minerals and on correlative relationships of rumen endotoxin and plasma APP with plasma Ca, Fe, Zn, and Cu. Eight healthy, rumen-fistulated (i.d. 100 mm, Bar Diamond, Parma, ID) primiparous Holstein cows were used in this study in a replicated 4 × 4 Latin square design. The experimental period was 21 d, with the first 11 d used for diet adaptation and the last 10 d used for measurements. Cows were supervised daily by the herd veterinary technician, and none of the cows demonstrated any health problems or distress during the study. At the beginning of the experiment, the cows were at 60 ± 15 d postpartum. The cows were housed in tie stalls with free access to water and were fed once daily at 0800 h and milked twice at 0500 and 1530 h. To challenge the cows with graded amounts of rumen-fermentable carbohydrates in their diets, a basic ration was supplemented with 0, 15, 30, or 45% (DM basis) rolled barley grain to provide 4 different dietary treatments varying in the content of nonfiber carbohydrates. The amount of grain in the diet was stepped up or down during the adaptation period. The daily ration was offered as a total mixed ration for ad libitum intake to allow approximately 5% feed refusals. All diets were formulated to meet or exceed the nutrient requirements of a 680-kg lactating cow based on NRC (2001) guidelines (ingredients and nutrient composition of the total mixed ration are presented in Table 1 ).
Sample Collection
Blood samples were obtained from the tail vein on d 1, 3, 5, 7, and 10 of the measurement period at 0745 h, shortly before the 0800-h morning feeding. Sodium heparinized (143 USP units) 10-mL Vacutainer tubes (product number 367874, Becton Dickinson, Franklin Lakes, NJ) were used to collect blood samples. Immediately after collection, blood samples were stored on ice and plasma was separated within 20 min of withdrawal by centrifuging at 3,000 × g at 4°C for 20 min. Plasma samples were stored at −20°C until analysis.
Samples of rumen fluid (100 mL) were obtained on d 1, 3, 5, 7, and 10 of the measurement period shortly before the morning feeding (0745 h) as well as at 1000, 1200, 1400, 1600, 1800, and 2000 h on d 10 of the measurement period. All rumen fluid samples were collected through the rumen cannula into a 140-mL plastic container, using a tube fitted with a strainer and a syringe. The pH of the rumen fluid was measured immediately after collection by a mobile pH meter (Accumet AP61, Fisher Scientific, Ottawa, Ontario, Canada). The preprandial rumen fluid samples were centrifuged at 6,000 × g for 15 min at 4°C, and the supernatant was stored at −20°C until analyzed for endotoxin content.
Plasma Minerals
Concentrations of Ca, Fe, Zn, and Cu in plasma were measured by atomic absorption spectrometry (Spectr AA800, Varian, Sidney, Australia) using wavelengths of 422.7, 248.3, 213.9 , and 324.7 nm, respectively. All plasma samples were diluted with deionized water 100 times for estimation of Ca and 10 times for measurement of Fe, Zn, and Cu. For determination of Ca in plasma, a mixture of acetylene and nitrous oxide was used to burn the samples, and for analyses of Fe, Zn, and Cu in plasma, only acetylene was used. Samples were run in duplicate, and inter-and intraassay CV were ≤10%. Control paired plasma samples were tested at the same time to exclude interassay CV of >10%. The lower and upper detection limits of the instrument were at 0.001 to 5.0 mg/L for Ca, 0.006 to 5.0 mg/L for Fe, 0.003 to 5.0 mg/L for Cu, and 0.001 to 2.0 mg/L for Zn.
Rumen Endotoxin
Concentration of cell-free endotoxin in the rumen fluid supernatant was determined by the pyrochrome Limulus amebocyte lysate assay (Associates of Cape Cod Inc., East Falmouth, MA) as described previously (Emmanuel et al., 2008) . Briefly, 10 mL of rumen fluid samples were centrifuged at 6,000 × g for 15 min at 4°C, and the supernatant was stored at −20°C until analysis. For the assay, the supernatant was thawed and 1.5 mL was centrifuged at 10,000 × g for 30 min at 4°C. The supernatant was then passed through a disposable 0.22-µm sterile, pyrogen-free filter (Fisher Scientific, Fairlawn, NJ) and diluted 1,000-fold using pyrogen-free Limulus amebocyte lysate reagent water and pyrogen-free test tubes (Associates of Cape Cod Inc.). Commercially available kits (Associates of Cape Cod Inc.) were used for the assay. The method and the quantities of reagents described in the kit were modified to have greater standard ranges of 0.625 to 10 ng/ mL. Control standard endotoxin, containing 10 ng of endotoxin per vial (Associates of Cape Cod Inc.), was used to prepare the standard solutions. A log/log-linear regression of the mean reaction time of each standard with its corresponding endotoxin concentration was performed to create a standard curve and predict endotoxin concentrations of test samples. All samples were tested in duplicate, and the optical density values were read on a microplate spectrophotometer (Spectramax 190, Molecular Devices Corporation, Sunnyvale, CA) at a wavelength of 405 nm. The inter-and intraassay CV were controlled to limits of <10%.
APP
Concentrations of SAA and CRP in the plasma were determined by commercially available ELISA kits (SAA, Tri-delta Diagnostics Inc., Boonton Township, NJ; CRP, ALPCO, Salem, NH) according to the methods described previously (Emmanuel et al., 2008) . In brief, plasma samples for SAA analysis were initially diluted 1:500, and samples with optical density values above the range of the standard curve were diluted further (1:400 or 1:250) and reanalyzed. No dilution of plasma was necessary for measurement of CRP. Samples of SAA and CRP were tested in duplicate, and the optical density values were read on a microplate spectrophotometer (Spectramax 190, Molecular Devices Contained Ca, 0.1%; P, 0.6%; Na, 11.5%; Mg, 0.3%; K, 0.7%; S, 0.23%; Zn, 5,000 mg/kg; Cu, 1,170 mg/kg; Mn, 3,100 mg/kg; I, 80 mg/kg; Co, 6.2 mg/kg; vitamin A, 1,265,000 IU/kg; vitamin D, 142,000 IU/kg; and vitamin E, 3,800 IU/kg.
3
Contained 85% fat as fatty acids and 9.6% Ca, with a NE L of 6.52 Mcal/kg (Champion Feed Services Ltd., Barrhead, Alberta, Canada). 4 Contained monocalcium phosphate and dicalcium phosphate in a ratio of 2:1 (Champion Feed Services Ltd.).
5 Contained 5,000 IU/kg. 6 Contained 500,000 IU/kg. 7 Nonfiber carbohydrates = 100 − (% ash + % CP + % NDF + % ether extracts). 8 Dietary cation-anion difference.
Corporation) at 450 nm. The lower and upper detection limits of the assays were 18.8 to 300 ng/mL and 16.7 to 150 ng/mL for plasma concentration of SAA and CRP, respectively. The inter-and intraassay variation of both APP assays was controlled by CV limits of ≤10%.
Statistical Analyses
Data were analyzed using linear and nonlinear procedures (SAS Inst. Inc., Cary, NC) according to the model shown below:
where Y ijklmn is the observation for dependent variables, μ represents the population mean, p i is the fixed effect of period i (i = 1 to 4), a j is the fixed effect of cow j (j = 1 to 8), a(s) jk is the random effect of cow j within the square k (k = 1 to 2), d l is the random effect of measurement day l (l = 1 to 5), considered a repeated measure with a first-order autoregressive covariance structure, t m represents the fixed effect of dietary treatment m (m = 1 to 4), and e ijklmn is the residual error, assumed to be normally distributed. To test the linear or quadratic effects of treatment on all response parameters, orthogonal contrasts with the CONTRAST statement of SAS were used. Least squares means and their corresponding SEM were computed and are presented. Multiple comparisons of the least squares means were conducted by pairwise contrasts (PDIFF option of SAS). Significance was declared at P ≤ 0.05 and a tendency was considered at 0.05 < P ≤ 0.10.
Correlative relationships between explanatory variables and plasma mineral responses were evaluated by the MIXED procedure of SAS and quantified using the option SOLUTION as well as by fitting the data to different straight-line, breakpoint nonlinear models with the NLMIXED procedure of SAS (Robbins et al., 2006) . The fitted models were adjusted for experimental errors related to the animal-block effect as well as the random effects of period and measurement day, whereby the latter was considered a repeated measure with a firstorder autoregressive covariance structure. Only significant relationships were considered (P < 0.05). Root mean square error, P-value, and R 2 were computed and used to evaluate the goodness of fit. Graphical depiction of the relationships obtained was done with the GPLOT procedure of SAS.
RESULTS

Responses of Cows to Increasing Amounts of Grain in the Diet
Results obtained with regard to production data, rumen pH and endotoxin, and plasma APP were reported previously (Emmanuel et al., 2008; Zebeli and Ametaj, 2009) . Briefly, the lactating cows increased their DM and dietary energy intakes (P = 0.03) as well as the actual daily milk yield (P < 0.01), but decreased their 3.5% fat-corrected milk production (P = 0.04) with an increasing amount of grain in the diet (Table 2) . Furthermore, the feeding of greater amounts of rolled barley grain in the diet was associated with reduced pH values in the rumen fluid (P = 0.04; Table 2 ). Increasing the amount of rolled barley grain in the diet (i.e., the starch intake) also enhanced plasma concentrations of SAA and CRP in lactating cows (P < 0.01). In addition, concentration of endotoxin in the rumen fluid was augmented up to 14-fold in cows fed the 45% grain-based diet compared with those fed the 0 and 15% grain-based diets (P < 0.01; Table 2 ).
Increasing the amount of rolled barley grain in the diet was associated with quadratic responses of plasma Ca and Fe. Concentrations of Ca and Fe in the plasma were changed in response to high-grain feeding (P < 0.01; Figure 1A and 1B). More specifically, the analysis indicated that cows fed the greatest amount of barley grain (i.e., 45%) had the least concentrations of Ca and Fe in the plasma, whereas the greatest concentrations were observed in the plasma of cows fed the 15% grainbased diet (P < 0.01). Increasing the amount of rolled barley grain in the diet was also associated with a quadratic tendency to increase the concentration of Zn in the plasma (P = 0.07; Figure 1C ). Similar to plasma Ca and Fe, cows fed the 45% grain-based diet showed the least plasma Zn (P = 0.04). Dietary treatment had no effect on plasma Cu ( Figure 1D ).
Correlative Relationships of Plasma Minerals and Rumen Endotoxin
Changes in the concentration of plasma minerals were related to an increase in rumen endotoxin induced by the increasing concentrate intake of the cows. The straight-line, breakpoint model that best fit the data on plasma Ca in response to rumen endotoxin revealed an inverse relationship between the latter predictor and Ca concentration, particularly when rumen endotoxin increased up to 5,795 ng/mL (Figure 2A) . The latter breakpoint corresponded to an asymptotic plateau of plasma Ca of 106 mg/L, although without indicating clinical signs of hypocalcemia. Interestingly, when rumen endotoxin exceeded a threshold of 5,009 ng/mL, the fitted model indicated an abrupt decrease in the concentration of plasma Fe, and the predictor variable explained 91% of the variation in the plasma Fe response ( Figure 2B ). A similar relationship, although with less accuracy, was observed between Zn concentration in the plasma and rumen endotoxin, whereby the increase in rumen endotoxin above 3,007 ng/mL was associated with a linear decrease in plasma Zn (Figure 2C) . In contrast, augmentation of rumen endotoxin up to 4,238 ng/mL resulted in greater concentrations of plasma Cu ( Figure 2D) . Moreover, the correlation analysis revealed a biphasic response of plasma Cu to increasing amounts of rumen endotoxin. For example, concentration of Cu in plasma notably decreased when rumen endotoxin exceeded a threshold of 9,000 mg/mL ( Figure 2D ).
Correlative Relationships of Plasma Minerals and APP
Plasma minerals responded differently to changes in the concentration of plasma APP. For example, concentrations of Ca and Fe in the plasma decreased (Ca, P < 0.001, and Fe, P < 0.001) linearly with enhancement of plasma SAA to 20 to 29 µg/mL ( Figure 3A and 3B). Thereafter, both the aforementioned plasma minerals remained unchanged. Interestingly, plasma Zn remained constant, whereas plasma Cu decreased when circulating SAA was less than 27 and 29 µg/ mL, respectively ( Figure 3C and 3D) . Values exceeding the latter thresholds were associated with a linear increase in both plasma minerals, and SAA explained 33 and 74% of the variation in the plasma Zn and Cu responses, respectively.
Among the plasma minerals measured, only Fe and Cu responded to fluctuations of plasma CRP ( Figure  4A, B) . Interestingly, concentrations of Fe decreased (P < 0.001) linearly, whereas those of Cu increased with an increase in plasma CRP. Analysis of the data revealed that an increase of 0.1 µg/mL in plasma CRP was associated with a diminution of plasma Fe by 1.3 mg/L (root mean square error = 0.058, R 2 = 0.53; Figure 4A ). The response of plasma Cu to circulating CRP was increasingly (P < 0.001) linear up to a CRP concentration of 1.31 µg/mL, and remained unchanged thereafter.
DISCUSSION
In agreement with our working hypothesis, we report here that variations in plasma minerals are strongly correlated with the amount of free endotoxin in the rumen fluid and the resulting plasma APP in cows consuming graded amounts of dietary concentrate. More specifically, our correlative analyses revealed inverse relationships of rumen endotoxin and plasma SAA with circulating Ca, providing evidence of a nonlinear downward shift in plasma Ca in response to free endotoxin released in the rumen fluid and the resulting increase in SAA in the plasma. Interestingly, decreased concentrations of plasma Ca have been reported previously in lactating cows affected by severe coliform mastitis (Wenz et al., 2001) or during intravenous administration of lipopolysaccharide (LPS; Waldron et al., 2003) . To our knowledge, the current report is the first to demonstrate negative correlations of plasma Ca with rumen endotoxin and plasma SAA in apparently healthy lactating cows fed graded amounts of barley grain in the diet.
Although the mechanistic details related to a declining response of plasma Ca to increasing concentrations of rumen endotoxin or plasma SAA are not well understood, it is speculated that withdrawal of plasma Ca might be part of the immune response to facilitate detoxification of endotoxin. In support of this postulate is the report by Rosen et al. (1958) indicating that adding or removing Ca from plasma decreases or increases, respectively, the endotoxin-detoxifying capability of plasma. Interestingly, recent research has also demonstrated that plasma Ca, at physiological concentrations, facilitates aggregation of SAA (Wang and Colon, 2007) and deposition of SAA amyloid fibrils in major organs, leading to amyloid A amyloidosis (Kula et al., 1977) . The findings of this study as well as those from other investigations suggest that withdrawal of Ca during an APR or an inflammatory condition might be part of the host strategy to maintain a stable SAA structure and help expedite the neutralization and removal of endotoxin from the plasma.
Another interesting observation of this study was the evidence of a nonlinear, inverse response of plasma Ca to increasing rumen endotoxin and plasma SAA associated with a similar asymptotic plateau of 10.6 mg/dL, despite a further increase in both endotoxin and SAA. The reason for this curvilinear response is not clear at present; however, this observation suggests the involvement of additional unknown host mechanisms that prevent a pathological decline of plasma Ca in clinically healthy lactating cows despite the increasing amounts of endotoxin in the rumen fluid. Preventing a further decrease in plasma Ca seems important to the host to avoid the development of hypocalcemia and its harmful effects. Some of the potential factors responsible for the curvilinear response of plasma Ca to rumen endotoxin and plasma SAA might be related to the fact that 1) the lactating cows in this study were in the early-to midlactation period, a time when cows might be less responsive to a high-grain-induced increase in rumen endotoxin compared with the period at the onset of lactation, 2) the APR was not sufficiently strong to elicit a linear decrease in plasma Ca because the study periods were relatively short (i.e., 3 wk), and 3) the immune system of the host developed a tolerance to increased rumen endotoxin, and this attenuated the response of plasma Ca to inflammatory conditions initiated by the rumen endotoxin. In fact, recently we reported that beef cattle fed high-grain diets developed a tolerance to the gastrointestinal endotoxin ). Data from this study also showed a strong inverse relationship between rumen endotoxin and plasma concentration of Fe. This observation confirmed our hypothesis with regard to the potential involvement of rumen endotoxin in the diminution of plasma Fe. The suppressive effect of rumen endotoxin on plasma Fe can be explained by the proinflammatory properties of endotoxin. Recently, we demonstrated that large amounts of LPS permeate rumen and colon mucosal layers (Emmanuel et al., 2007) . Administration of LPS in the blood has been shown to stimulate the release of proinflammatory cytokines such as tumor necrosis factor-α, IL-1, and IL-6, which are believed to be associated with hypoferremia (Markel et al., 2007) . Furthermore, our analysis indicated that an increase in rumen endotoxin beyond a threshold of 5 µg/mL was associated with an abrupt decrease in plasma Fe. The data suggested that diminution of plasma Fe is strongly dependent on 3 factors: 1) concentration of endotoxin in the rumen fluid, 2) the magnitude of the APR, and 3) the amount of grain in the diet of lactating cows. The negative correlation between plasma Fe and circulating SAA observed in this study is in agreement with another investigation in horses reporting similar associations between these 2 variables during postoperative inflammatory conditions (Jacobsen et al., 2005) . Although SAA is known to be directly involved in the binding, neutralization, and clearance of endotoxin (Cabana et al., 1999) , we observed a negative nonlinear response of plasma Fe to circulating amounts of SAA. This suggests that regulation of Fe homeostasis during inflammation is less dependent on circulating SAA when concentrations of SAA exceed 20 µg/mL. The data also revealed an association between SAA and plasma Zn and Cu, which might be related to the interaction reported between minerals and the SAA molecule during an APR (Wang and Colon, 2007) . The same authors reported that Zn and Cu, at physiological concentrations, influenced the equilibrium and stability of the secondary and tertiary structure of SAA, suggesting that the functional roles attributed to SAA during an endotoxin-induced APR might be modulated by its interaction with metals.
Concentrations of Fe in plasma were strongly correlated with circulating CRP. C-reactive protein is a positive APP that is involved in activation of the classical complement pathway (Black et al., 2004) . The negative association between plasma Fe and CRP has been reported during states of malnutrition and inflammatory conditions (Doherty et al., 2002) ; however, this report is the first to demonstrate a strong inverse relationship between plasma Fe and CRP in lactating cows fed graded amounts of barley grain in the diet. It is not clear whether the correlative relationship between Fe and CRP is causal or is part of the host response to endotoxin or to an inflammatory state. Other investigators have reported increased plasma hepcidin during inflammation and infection (Ganz, 2003) . Hepcidin is another APP released during inflammatory states that binds Fe and reduces its availability to invading microorganisms (Zhang and Enns, 2009) .
Results of this study also showed a quadratic negative association between rumen endotoxin and plasma Zn. Concentration of Zn in the plasma is often used by nutritionists as a biochemical indicator of Zn status. However, human investigations have shown that plasma Zn decreases sharply during inflammatory states, and Zn supplements are contraindicated in such conditions (Doherty et al., 2002) . Withdrawal of Zn from plasma during inflammation and infection has been suggested to be part of the immune response, because increased plasma Zn has been shown to impair phagocytic functions (Sugarman, 1983) . Interestingly, our data demonstrated that plasma Zn also diminishes in response to an increase in the amount of endotoxin in the rumen fluid. In fact, cytokine-stimulated redistribution of Zn during administration of LPS has been suggested as the causal mechanism for diminished plasma Zn in human volunteers (Gaetke et al., 1997) . Proinflammatory cytokines, such as IL-6, stimulate the release of metallothionein, which is known to sequester Zn during states of endotoxemia (Schroeder and Cousins, 1990) .
A biphasic relationship between rumen endotoxin and plasma Cu was obtained in this study. This finding is in agreement with other investigations reporting a bimodular response of Cu during infection of the mammary gland in cows (Middleton et al., 2004) or inflammatory states in human subjects (Bo et al., 2008) . Moreover, previous research demonstrates a similar increase in both plasma Cu and ceruloplasmin (Cp) during inflammatory conditions (Feldman et al., 1981; Conforti et al., 1982) . Ceruloplasmin is a Cu-containing protein that is produced by hepatocytes under stimulation by proinflammatory cytokines such as IL-1, IL-6, and tumor necrosis factor-α (Ramadori et al., 1988) . The increase in Cp is probably responsible for the increased serum Cu in the aforementioned conditions. In fact, Cp contains 95% of all plasma Cu, and its blood concentrations are highly sensitive to inflammatory signals (Cousins, 1985) .
An interesting direct positive association between plasma CRP and Cu also was observed. It should be noted that plasma Cu reached an asymptotic plateau in response to increasing concentrations of plasma CRP. A strong positive relationship between CRP and plasma Cu was reported recently in adult humans affected by inflammation and oxidative stress (Bo et al., 2008) . C-reactive protein is often used as a biomarker for cardiovascular disease, and recently it was shown that elevated plasma Cu was associated with increased mortality from heart disease (Leone et al., 2006) . The curvilinear positive response of plasma Cu to increasing CRP and the attainment of a threshold suggest activation of unknown mechanisms involved in the regulation of Cu homeostasis.
Taken together, results of this study demonstrated that increasing concentrations of rumen endotoxin in response to high-grain diets and the resulting increase in plasma SAA and CRP were strongly correlated with fluctuations of plasma Ca, Fe, Zn, and Cu in lactating cows. The plateau breakpoints of rumen endotoxin differed for plasma Ca vs. Fe, Cu, and Zn, suggesting that oscillations of these minerals are triggered by different rumen endotoxin concentrations during feeding of high-grain diets. In addition, the associations of plasma minerals with SAA were somewhat different compared with the associations of minerals with plasma CRP, indicating different interactions of the APP with plasma minerals when an APR is mounted. Because cows on this trial were transitioning from early to midlactation and their diets were marginal in dietary fiber, results suggest that the alterations in plasma minerals might be even more severe at the initiation of lactation, when cows are switched from a diet consisting mostly of roughage to a high-grain diet. Further research is warranted to understand the mechanism(s) involved in the fluctuation of plasma minerals during feeding of graded amounts of cereal grains and to determine the consequences of those alterations on the long-term health and productivity of lactating cows.
